Expression of nuclear-encoded plastid proteins and import of those proteins into plastids are indispensable for plastid biogenesis. One possible cellular mechanism that coordinates these two essential processes is retrograde signaling from plastids to the nucleus. However, the molecular details of how this signaling occurs remain elusive. Using the plastid protein import2 mutant of Arabidopsis (Arabidopsis thaliana), which lacks the atToc159 protein import receptor, we demonstrate that the expression of photosynthesis-related nuclear genes is tightly coordinated with their import into plastids. Down-regulation of photosynthesis-related nuclear genes is also observed in mutants lacking other components of the plastid protein import apparatus. Genetic studies indicate that the coordination of plastid protein import and nuclear gene expression is independent of proposed plastid signaling pathways such as the accumulation of Mg-protoporphyrin IX and the activity of ABA INSENSITIVE4 (ABI4). Instead, it may involve GUN1 and the transcription factor AtGLK. The expression level of AtGLK1 is tightly correlated with the expression of photosynthesis-related nuclear genes in mutants defective in plastid protein import. Furthermore, the activity of GUN1 appears to down-regulate the expression of AtGLK1 when plastids are dysfunctional. Based on these data, we suggest that defects in plastid protein import generate a signal that represses photosynthesis-related nuclear genes through repression of AtGLK1 expression but not through activation of ABI4.
Plastids are a diverse group of organelles that perform essential metabolic and signaling functions within all plant cells. It is generally believed that plastids originated from a unicellular photosynthetic bacterium that was taken up by a eukaryotic host cell (Dyall et al., 2004) . During evolution, most of the genes encoded by the bacterial ancestor have been transferred to the host nuclear genome; for example, the plastid genome of Arabidopsis (Arabidopsis thaliana) encodes fewer than 100 open reading frames (Martin et al., 1998) . Consequently, plastid biogenesis is dependent on the import of nuclear-encoded plastid proteins (Keegstra and Cline, 1999; Soll and Schleiff, 2004; Kessler and Schnell, 2006; Inaba and Schnell, 2008; Jarvis, 2008) , the genes for which must be expressed at an appropriate level. For example, many of the photosynthesis-related nuclear genes that are required for chloroplast biogenesis are induced via photoreceptors, such as phytochrome, in response to light quality and quantity (Terzaghi and Cashmore, 1995) , so that the photosynthesis-related proteins will be available for import into the developing chloroplasts. Other types of plastids, according to their specific metabolic functions, need other sets of nuclear-encoded proteins. Therefore, the expression of specific sets of nuclear genes and the import of their translation products are indispensable for plastid differentiation.
After they have been imported into plastids, nuclear-encoded plastid proteins combine with plastidencoded proteins to form functional multiprotein complexes, such as photosystems and metabolic enzymes. Because plastids need a distinct set of proteins in specific amounts dictated by their functional and metabolic states, it is also critical for plastids to give feedback information to the nucleus, so that nuclear gene expression can be adjusted appropriately. This fine-tuning mechanism is important for determining which nuclear-encoded proteins are imported, and consequently it regulates the differentiation of plastids in a tissue-and developmental state-dependent manner.
To accomplish such regulation, plastids send signals (called plastid signals) to the nucleus via multiple signal transduction pathways. To date, three distinct plastid processes-tetrapyrrole biosynthesis, plastid gene expression, and organellar redox reactions-have been shown to give rise to plastid signals (Nott et al., 2006) . These plastid signals have been studied using specific inhibitors and controlled light conditions. For example, tetrapyrroles may act as a plastid signal that is induced by norflurazon, an inhibitor of carotenoid synthesis. Genetic studies have identified several genomes uncoupled mutants (gun1 to gun5) that exhibit norflurazon-insensitive LHCB expression, and many of these mutants have lesions in the tetrapyrrole biosynthetic pathway (Susek et al., 1993; Mochizuki et al., 2001; Larkin et al., 2003) . However, there are conflicting reports on the mechanism of norflurazon action (La Rocca et al., 2001; Strand et al., 2003; Mochizuki et al., 2008; Moulin et al., 2008) . Another plastid process that affects nuclear gene expression is plastid gene expression: inhibition of plastid protein synthesis by lincomycin generates a plastid signal that suppresses the expression of photosynthesis-related genes in the nucleus (Mulo et al., 2003) . This signaling pathway is only active during the first 3 d of seedling development (Beck, 2005) . In contrast, a redox retrograde signaling pathway seems to play an important role in light acclimation of mature plants (Beck, 2005) . Thus, alteration of the functional state of the plastid by inhibitors or by light conditions generates a wide variety of plastid signals, depending on the developmental stage of the plant.
Analysis of mutants lacking plastid protein import receptors has suggested that plastid biogenesis requires the coordination of plastid protein import with nuclear gene expression and that this coordination is likely to involve retrograde signaling from plastids to the nucleus. The protein import receptors of plastids are composed of two distinct families of GTPbinding proteins (Kessler and Schnell, 2006) . One of these, the atTOC159 family, consists of four genes in Arabidopsis-atTOC159, atTOC132, atTOC120, and atTOC90 (Bauer et al., 2000; Hiltbrunner et al., 2004 )-and appears to comprise a set of functionally distinct receptors. The plastid protein import2 (ppi2) mutant, which lacks the most abundant receptor, atToc159, exhibits a severe albino phenotype. The mutant fails to accumulate representative photosynthesis-related proteins, even though nonphotosynthetic proteins are accumulated normally (Bauer et al., 2000) . This difference in accumulation is in part attributable to the ability of atToc159 to recognize photosynthesis-related, but not nonphotosynthetic, proteins as its substrates ). An intriguing observation is that photosynthesis-related nuclear gene expression also seems to be compromised in ppi2. For example, two representative photosynthesis-related nuclear genes, LHCB and small subunit of Rubisco (SSU), appear to be downregulated at the mRNA level in ppi2, whereas two nonphotosynthetic genes, atTOC34 and chorismate mutase1, are unaffected (Bauer et al., 2000) . When an artificial substrate of atToc159, preSSU-GFP, was expressed in ppi2 under the control of a constitutive promoter, the expression of preSSU-GFP was no longer down-regulated and ppi2 accumulated a significant amount of the unprocessed protein in the cytosol . These observations suggest that plastid protein import and nuclear gene expression are tightly coordinated to regulate the flow of nuclear-encoded plastid proteins in response to the functional and developmental states of the plastids. However, the molecular mechanism that coordinates protein import and nuclear gene expression remains elusive.
In this study, we examine the role of plastid protein import in the regulation of nuclear gene expression. Using mutants defective in plastid protein import, we show that such defects cause down-regulation of photosynthesis-related nuclear gene expression. This regulation appears to be mediated by a plastid signaling pathway that may involve both GUN1 and AtGLK1 and is distinct from the ABA INSENSITIVE4 (ABI4) pathway. We propose a novel mechanism by which plastids regulate nuclear gene expression according to the rate of plastid protein import and the functional state of plastids.
RESULTS

Expression of Photosynthesis-Related Nuclear Genes Is Specifically Impaired in ppi2 Plants
It has been shown that atToc159 is a membranebound GTPase and appears to play a critical role in the import of nuclear-encoded photosynthesis-related proteins Schnell et al., 1994; Bauer et al., 2000; Smith et al., 2004) . Therefore, ppi2-1 (originally referred to as ppi2; Bauer et al., 2000) , which lacks the atToc159 protein import receptor, fails to accumulate major photosynthesis-related proteins (e.g. LHCP and SSU) but not nonphotosynthetic plastid proteins (Bauer et al., 2000) . Interestingly, mRNA accumulation for a couple of nuclear-encoded photosynthesis-related proteins was also shown to be compromised in the ppi2-1 mutant (Bauer et al., 2000) . This observation suggests that plastid protein import and nuclear gene expression are tightly coordinated to regulate the flow of nuclear-encoded plastid proteins in response to the functional and developmental states of the plastids.
To further pursue the link between plastid protein import and nuclear gene expression, we expanded our analysis of expression in the ppi2-1 mutant to include a dozen nuclear-encoded photosynthesis-related and nonphotosynthetic plastid proteins. Total proteins were extracted from wild-type (Wassilewskija [Ws] ) and ppi2-1 leaves, resolved by SDS-PAGE, and probed with antibodies against various proteins ( Fig. 1A; Supplemental Fig. S1 ). As a control, the membranes were also probed with antibody against actin. As shown in Figure 1 , A and B, the levels of all of the photosynthesis-related proteins examined were decreased in ppi2-1 to less than 20% of the level in the wild type, supporting the idea that atToc159 is responsible for the import of photosynthesis-related proteins. To further investigate the mechanisms that regulate the accumulation of photosynthesis-related proteins in ppi2-1, we measured the mRNA levels of the respective genes using real-time PCR. This analysis revealed that the expression of each gene was suppressed in ppi2-1 compared with the wild type ( Fig. 1B ; the expression level in the wild type was set to 1). These data indicate that the accumulation of photosynthesisrelated proteins in ppi2-1 plastids is correlated with their mRNA expression level in the nucleus.
We next examined the accumulation of protein ( Fig.  1C; Supplemental Fig. S1 ) and mRNA ( Fig. 1D ) of nonphotosynthetic plastid proteins to investigate whether the down-regulation of nuclear-encoded plastid proteins in ppi2-1 is specific to photosynthesisrelated proteins. Five proteins exhibiting various activities were chosen for the analysis. As shown in Figure 1 , C and D, all of the proteins except the carboxyl transferase a-subunit of acetyl-CoA carboxylase (ACC-CTa) accumulated to normal or higher levels in the mutant compared with the wild type. Real-time PCR analysis revealed that the mRNA accumulation for these proteins was not down-regulated . Expression profiles of nuclear-encoded plastid proteins in the wild type and ppi2. A and C, Accumulation of photosynthesis-related proteins (A) and nonphotosynthetic proteins (C) in wild-type (Ws) and ppi2-1 plants. Total protein extracts were resolved by SDS-PAGE and probed with antisera against the proteins indicated to the left. B and D, Quantitative analysis of mRNA and protein levels in ppi2-1 plants. The mRNA levels were analyzed by real-time PCR and normalized to the level of 18S ribosomal RNA. The protein levels were quantified using triplicate immunoblots (Supplemental Fig. S1 ) and normalized to actin levels. In the case of POR protein, the actin signal shown in C (Supplemental Fig. S1B ) was used for normalization. In the case of ACC-CTa and atTic110 proteins, the actin signal shown in A (Supplemental Fig. S1A ) was used for normalization. The ratio of ppi2-1 to the wild type (ppi2/ WT) is shown. Each bar, plotted here on a log scale, represents the mean of at least three independent samples. Error bars represent 1 SD. E, Classification of genes down-or up-regulated in the ppi2-1 mutant as determined by SuperSAGE. The charts show the classification of the 1,000 most down-regulated (left) and the 1,000 most up-regulated (right) genes in the ppi2-1 mutant (as compared with the wild type). The tags were classified based on the Gene Ontology annotation, which assigns cellular components (P , 0.05, Fisher's exact test). The abundance of each class of genes (as a percentage of the total downor up-regulated genes) is shown in parentheses (down/up). Total RNA and proteins were purified from the third to sixth leaves of wild-type and ppi2-1 plants grown on plates. LSU, Large subunit of Rubisco; OE23, 23-kD oxygen-evolving complex protein; POR, protochlorophyllide oxidoreductase; Hsp93, 93-kD heat shock protein; IEP37, 37-kD inner envelope protein; Tic110, 110-kD protein of Tic protein translocation apparatus.
in the ppi2-1 mutant (Fig. 1D) . The discrepancy between the levels of ACC-CTa mRNA and ACC-CTa protein might be an indirect effect of the slightly reduced expression of the plastid-encoded b-subunit (ACC-CTb) in ppi2-1 (Fig. 1D) .
These results were further confirmed by examining the phenotype of an additional atTOC159 mutant (referred to as ppi2-2), a T-DNA insertional mutant in the Columbia (Col-0) background from the GABI-Kat collection (Supplemental Fig. S2 ). In this mutant, which has no detectable atTOC159, the expression profile of nuclear genes encoding plastid proteins was similar to that of ppi2-1, except for a slight decrease in IEP37 expression ( Fig. 2A) . Taken together, these data indicate that the ppi2 mutation compromises the accumulation of nuclear-encoded photosynthesis-related proteins and that the decrease in protein accumulation is strongly correlated with the down-regulation of nuclear-encoded gene expression.
Impact of the Protein Import Defect on the Nuclear Transcriptome in the ppi2 Mutant
The lack of atToc159 in Arabidopsis results in a severe albino, seedling-lethal phenotype, as highlighted by analysis of the ppi2-1 mutant (Bauer et al., 2000) . This phenotype implies that the defect in atToc159 causes dramatic changes in nuclear gene expression in the ppi2-1 mutant. Therefore, to investigate the global impact of the atToc159 defect on nuclear-encoded gene expression, we performed SuperSAGE (for Super Serial Analysis of Gene Expression) analysis using wild-type and ppi2-1 plants. SuperSAGE is a powerful tool to examine global gene expression profiles quantitatively (Matsumura et al., 2003) . As summarized in Supplemental Figure S3 , 126,238 tags (29,238 unique tags) and 204,218 tags (43,580 unique tags) were identified from wild-type and ppi2-1 cDNAs, respectively. To identify genes corresponding to each tag sequence, The Arabidopsis Information Resource 7 gene annotation database was queried with 26-bp tags using the BLASTN program. Then, the 2,000 genes most significantly affected by the ppi2-1 mutation (1,000 each of up-and down-regulated genes) were classified based on the Gene Ontology terms (http://www.arabidopsis.org/tools/bulk/go/ index.jsp; Supplemental Tables S1 and S2). Among the down-regulated genes, approximately 30% encoded proteins destined for chloroplasts or plastids (Fig. 1E) . In contrast, only approximately 5% of the up-regulated genes encoded proteins targeted to chloroplasts or plastids (Fig. 1E) . Given the fact that only 10% to 15% (approximately 3,500) of nuclear genes are predicted to encode plastid proteins, it appears that this class of genes is preferentially down-regulated in the ppi2-1 mutant. These data also suggest that there is a tight coordination between plastid protein import and the nuclear transcriptome and that this regulation is critical for proper accumulation of plastid proteins and plastid biogenesis. Expression profiles of nuclear-encoded plastid proteins in a mutant allelic to ppi2-1 and in other mutants defective in plastid protein import. A, Quantitative analysis of nuclear-encoded gene expression in the ppi2-2 mutant by real-time PCR (Col-0 background; allelic to ppi2-1). B, Immunoblot analysis of plastid proteins in the ppi2-2 mutant. C, Quantitative analysis of nuclear-encoded genes in the attoc132 attoc120+/2 mutant by real-time PCR. D, Immunoblot analysis of plastid proteins in the attoc132 attoc120+/2 mutant. E, Quantitative analysis of nuclear-encoded genes in the attic20-I mutant by real-time PCR. F, Immunoblot analysis of plastid proteins in the attic20-I mutant. In each case, transcript levels (A, C, and E) were analyzed by real-time PCR and normalized to the transcript levels of ACTIN2. The expression level in the wild type was set to 1. Each bar, plotted here on a log scale, represents the mean of at least three independent samples. Error bars represent 1 SD. Asterisks above the bars indicate significant differences (P , 0.05) between the wild type and the respective mutant, as determined by Student's t test. The ppi2-2, attic20-I, and Col-0 plants were grown on plates. attoc132 attoc120 +/2 and Ws were grown on soil.
Defects in Plastid Protein Import Result in Down-Regulation of Photosynthesis-Related Genes in the Nucleus
The correlation between protein import defects and the down-regulation of photosynthesis-related nuclear genes was further examined using additional mutants: attoc132 attoc120+/2 and tic20-I. The attoc132 attoc120+/2 mutant has fewer atToc132/120 protein import receptors, which, unlike atToc159, are specific for nonphotosynthetic proteins (Ivanova et al., 2004; Kubis et al., 2004) . The tic20-I mutant lacks a putative channel component of the protein translocation machinery at the inner envelope membrane of chloroplast. In this mutant, the import of both nonphotosynthetic and photosynthesis-related proteins is compromised (Teng et al., 2006) . As shown in Figure  2 , C and E, the expression of two photosynthesisrelated nuclear genes, OE23 and LHCB1, was impaired in both mutants. However, the effect on the expression of the nonphotosynthetic genes IEP37 and pyruvate dehydrogenase E1a subunit (E1a) was relatively moderate (Fig. 2, C and E) . The accumulation of each protein was proportional to the mRNA expression level (Fig. 2 , D and F). These results suggest that plants with reduced import of nonphotosynthetic proteins also specifically down-regulate the expression of photosynthesis-related nuclear genes.
Since all of these mutants exhibit pale or albino phenotypes in the early stages of cotyledon development (Bauer et al., 2000; Ivanova et al., 2004; Teng et al., 2006) , it was possible that the arrest of plastid development at the cotyledon stage led to the severe growth defects in the adult stage. That is, the down-regulation of nuclear gene expression in these mutants could be a developmental effect rather than a direct effect of defects in protein import. To obtain more evidence that the inhibition of plastid protein import results directly in the down-regulation of nuclear gene expression, we took advantage of atTOC159-silenced plants. These plants have a transgene expressing sense atTOC159 from a constitutive promoter (Bauer et al., 2002) , and most of them look normal during the early stages of growth. However, as the plants grow older, some of their leaves become variegated due to cosuppression of the endogenous atTOC159 gene (Fig. 3 , B-D). Given the late onset of the variegated phenotype ( Fig. 3C) , it was assumed that normal proplastid-to-chloroplast differentiation had been completed during the cotyledon stage. We analyzed mRNA and protein accumulation in green versus albino sectors of these plants (Fig. 3, C and D, arrows and arrowheads) . In the albino sectors, the accumulation of nuclear-encoded photosynthesis-related proteins was specifically impaired, and this observation was in part attributable to the down-regulation of photosynthesis-related nuclear gene expression (Fig. 3, E and F) . In contrast, neither mRNA nor protein accumulation for the nonphotosynthetic proteins, E1a and IEP37, was significantly affected.
Altogether, these data indicate that defects in protein import into chloroplasts result in the downregulation of photosynthesis-related nuclear gene expression regardless of the import substrates of the defective import apparatus. They also suggest that defects in protein import into plastids, such as those caused by the ppi2 mutation, induce the generation of plastid signal that suppresses the expression of photosynthesis-related genes in the nucleus. The immunoblots were probed with antisera against the proteins indicated at the left. The membrane was also probed with anti-actin antibody as a loading control. F, Gene expression profile in green and albino sectors from 25-d-old 35S::atTOC159 transgenic plants. Transcript levels were analyzed by real-time PCR and normalized to the transcript levels of ACTIN2. The expression level in the green sectors was set to 1. Each bar, plotted here on a log scale, represents the mean of at least three independent samples. Error bars represent 1 SD. Asterisks above the bars indicate significant differences (P , 0.05) between green and albino sectors, as determined by Student's t test. The down-regulation of nuclear gene expression in response to defects in plastid protein import suggests that there are retrograde signaling pathways that coordinate plastid protein import and nuclear gene expression. It has been proposed that intermediates in the tetrapyrrole synthesis pathway act as retrograde signals, and several GUN genes have been identified that are involved in the synthesis of tetrapyrrole and in the signaling activities of pathway intermediates (Vinti et al., 2000; Mochizuki et al., 2001; Larkin et al., 2003; Strand et al., 2003) . According to one scenario, the accumulation of Mg-protoporphyrin IX (Mg-ProtoIX) results in the repression of photosynthesisrelated nuclear genes when chloroplasts are damaged by norflurazon treatment (La Rocca et al., 2001; Strand et al., 2003) . Although other reports show that the level of Mg-ProtoIX is not correlated to the level of LHCB expression (Mochizuki et al., 2008; Moulin et al., 2008) , it is still of interest to test whether GUN genes and tetrapyrroles are responsible for the down-regulation of photosynthesis-related nuclear genes in plants defective in plastid protein import.
We first examined the expression of GUN4, a key regulator of Mg-ProtoIX synthesis (Larkin et al., 2003) , in the ppi2-2 mutant. We switched from ppi2-1 to ppi2-2 for these experiments, as the ppi2-2 mutant is in the Col-0 background and can be used for crossing with other mutants in the same background. Real-time PCR analysis revealed that the expression of GUN4 in 4-week-old ppi2-2 was approximately 30% that in the wild type (Fig. 4A) . Furthermore, GUN4 protein was dramatically decreased in 4-week-old ppi2-2 mutant (Fig. 4B) . We observed similar results in other plastid protein import mutants (Fig. 2, D and F) . Because GUN4 stimulates Mg-chelatase activity (Larkin et al., 2003) , these results suggest that the synthesis of MgProtoIX would also be significantly impaired in these mutants. Consistent with this idea, the level of MgProtoIX in the ppi2-2 mutant was much lower than that in wild-type plants (Fig. 4C) . Therefore, the downregulation of photosynthesis-related nuclear genes in ppi2 mutants is unlikely to be caused by hyperaccumulation of Mg-ProtoIX in the mutant.
Coordination of Plastid Protein Import and Nuclear Gene Expression Requires Novel Components Other Than ABI4
Given our results indicating that GUN4 and the level of Mg-ProtoIX may not be involved in the downregulation of photosynthesis-related nuclear genes in ppi2, we next focused on the GUN1 protein, a pentatricopeptide repeat protein in plastids. GUN1 has been proposed to act as an intermediate between GUN4 and ABI4 and is positioned downstream of well-characterized plastid signals such as redox state and plastid gene expression signals (Koussevitzky et al., 2007) . This raises the possibility that in the import mutants, some plastid signal other than Mg-ProtoIX could act to repress nuclear gene expression via GUN1. Indeed, the ppi2-2 mutant has normal levels of GUN1 expression (Fig. 4A) ; therefore, the mutant would not be expected to be impaired in this step of plastid signaling. We next examined the effect of a gun1 mutation on nuclear gene expression in ppi2. We attempted to generate a double mutant of gun1-101 and ppi2-2 (gun1-101 ppi2-2). Interestingly, when the progeny of a gun1-101 ppi2-2+/2 (gun1/gun1;atTOC159/attoc159) line were examined, we were unable to recover albino (gun1-101 ppi2-2) plants. Instead, we found that ap- Figure 4 . Expression of GUN genes and levels of Mg-ProtoIX in the ppi2-2 mutant. A, Expression of GUN1 and GUN4 in ppi2-2. Total RNA was isolated from 4-week-old seedlings and analyzed by real-time PCR. The expression level in the wild type was set to 1. Each bar, plotted on a log scale, represents the mean of at least three independent samples. Error bars represent 1 SD. The asterisk above the bar indicates a significant difference (P , 0.05) between the wild type and the respective mutant, as determined by Student's t test. B, GUN4 protein accumulation in 4-week-old Col-0 and ppi2-2 plants. C, Steady-state levels of Mg-ProtoIX in 4-week-old Col-0 and ppi2-2 plants. FW, Fresh weight.
proximately 25% of the seeds in gun1-101 ppi2-2+/2 siliques were aberrantly shaped (Supplemental Fig.  S4 ). These data suggest that the gun1-101 ppi2-2 double mutant has defects in embryogenesis and is not viable. When developing embryos were examined by light microscopy, every embryo in gun1-101 ppi2-2+/2 siliques appeared to be normal until the late heart stage (Fig. 5, A and B) . Subsequently, about 25% of the embryos started to twist or bend backwards at the walking stick embryo stage (Fig. 5, C and D) . Thus, these phenotypes are likely to be associated with the lethality of the gun1-101 ppi2-2 double mutant.
To further examine the role of GUN1 in the downregulation of nuclear gene expression in ppi2, we recovered gun1-101 ppi2-2 embryos from ovules containing late heart stage embryos, cultured them on a basal medium, and obtained seedlings of gun1-101 ppi2-2 (Fig. 5F ). The embryo-rescued gun1-101 ppi2-2 double mutant seedlings appeared to be more sickly than embryo-rescued ppi2-2 single mutant seedlings (Fig. 5 , compare E and F). To characterize the gene expression profile of the double mutant, we measured the mRNA and protein accumulation of nuclearencoded plastid proteins. Although the accumulation of photosynthesis-related proteins in the double mutant was not increased compared with the ppi2-2 mutant (Fig. 5H) , derepression of two photosynthesisrelated genes (LHCB1 and GUN4) in the gun1-101 ppi2-2 mutant was observed (Fig. 5G) . These data suggest that GUN1 may play a role in coordinating nuclear gene expression and plastid protein import.
To further clarify whether the down-regulation of nuclear gene expression in ppi2 mutants is mediated by GUN1-ABI4 or some other, novel pathway, we examined the role of ABI4 in the regulation of gene expression in ppi2. It has been proposed that ABI4 acts as a negative regulator of photosynthesis-related nuclear gene expression and that the competitive binding of ABI4 to the G-box in response to plastid signals inhibits the induction of LHCB expression (Koussevitzky et al., 2007) . We examined the accumulation of ABI4 mRNA in 3-d-old seedlings and rosette leaves by real-time PCR analysis (Fig. 6A) . Interestingly, the accumulation of ABI4 transcripts was much higher in ppi2-2 seedlings compared with the wild type. This may be explained by the retarded growth of ppi2-2 plants, in that 3-d-old mutant seedlings are less mature than wild-type ones and ABI4 expression normally declines with age. Con- Figure 5 . Analysis of the gun1-101 ppi2-2 double mutant obtained by embryo rescue. A to D, Embryogenesis of the gun1-101 ppi2-2 double mutant viewed with a light microscope with a differential interference contrast unit. A, Early heart stage. B, Late heart stage. C, Walking stick stage. D, Mature embryo stage. E and F, Visible phenotypes of ppi2-2 (E) and gun1-101 ppi2-2 (F) plants obtained by embryo rescue. Seedlings were cultured for 2 weeks. Bars = 1 mm. G, Quantitative analysis of gene expression in embryo-rescued (ER) ppi2-2 and gun1-101 ppi2-2 seedlings (2 weeks old). The mRNA levels were analyzed by real-time PCR and normalized to the levels of ACTIN2. The expression level in wild-type seedlings (1 week old) was set to 1. Each bar, plotted here on a log scale, represents the mean of at least three independent samples. Error bars represent 1 SD. Asterisks above the bars indicate significant differences (P , 0.05) between ppi2-2 and gun1-101 ppi2-2, as determined by Student's t test. H, Accumulation of plastid proteins in embryo-rescued seedlings (2 weeks old). Total protein extracts were resolved by SDS-PAGE and probed with antisera against the proteins indicated to the left. sistent with the previous observation that the expression of ABI4 is restricted to developing embryos and seedlings (Finkelstein et al., 1998; Soderman et al., 2000) , we could not detect ABI4 transcripts in either wild-type or ppi2-2 rosette leaves (Fig. 6A) .
Because ABI4 is postulated to act as a negative regulator in plastid signaling pathways, the hyperaccumulation of ABI4 in ppi2 led us to speculate that this may account for the mutant's decreased expression of photosynthesis-related nuclear genes. To assess the role of ABI4 in the down-regulation of nuclear gene expression in ppi2, we generated abi4 ppi2 double mutants. We employed two different abi4 alleles (Fig.  6B) . The abi4-1 mutant has a 1-bp deletion, leading to a frameshift, and has been confirmed to be a loss-offunction mutant (Finkelstein et al., 1998) . We also identified another mutant, a T-DNA insertional mutant referred to as abi4-2 (Supplemental Fig. S5 ), from the Salk Institute Genomic Analysis Laboratory collection . ABI4 transcripts were barely detectable in both mutants (Fig. 6C) , confirming that they both appear to be loss-of-function mutants. When ppi2-2 was crossed with abi4-1, the resulting abi4-1 ppi2-2 double mutant seedlings showed expression of photosynthesis-related nuclear genes (such as LHCB1, SSU1A, and GUN4) that was at least as low as that of ppi2-2 single mutant seedlings (Fig. 6D ). In the case of LHCB1 and GUN4, the repression was more extreme in abi4-1 ppi2-2 than in ppi2-2. Similar results were obtained from another double mutant, abi4-2 ppi2-2 (Fig. 6E) .
Taken together, these data suggest that the downregulation of nuclear gene expression in ppi2 is mainly mediated by a novel pathway that is independent of ABI4. Instead, this pathway is likely to involve GUN1 and transcription factors other than ABI4.
AtGLK1 May Coordinate Plastid Protein Import and Nuclear Gene Expression
Recently, it has been suggested that the binding of ABI4 to G-boxes prevents the binding of G-box bind- Figure 6 . The role of ABI4 in the regulation of nuclear gene expression in ppi2 mutants. A, Expression analysis of ABI4 in Col-0 and ppi2-2. Total RNA was extracted from 3-d-old seedlings or rosette leaves. Transcript levels were analyzed by real-time PCR and normalized to the transcript levels of ACTIN2. The expression level in 3-d-old Col-0 seedlings was set to 1. Each bar, plotted on a log scale, represents the mean of at least three independent samples. Error bars represent 1 SD. B, Diagram of the substitution (CS8104) and T-DNA insertion (SALK_080095) mutations in the ABI4 gene. LB, Left border. C, Expression analysis of ABI4 transcripts in two abi4 mutants by RT-PCR. Total RNA was purified from 3-d-old seedlings. RT was carried out in the presence (+) or absence (2) of reverse transcriptase. ACTIN2 was amplified as a positive control. D and E, Expression profiles of nuclearencoded plastid proteins in abi4 ppi2 double mutants. Total RNA was isolated from 3-d-old seedlings. Transcript levels were analyzed by real-time PCR and normalized to those of ACTIN2. The expression level in Col-0 was set to 1. Each bar is plotted on a log scale and represents the mean of at least three independent samples. Error bars represent 1 SD.
ing factors (GBFs), leading to the down-regulation of nuclear gene expression (Koussevitzky et al., 2007) . In this model, the activities of positive (GBFs) and negative (ABI4) factors are key regulators of photosynthesis-related nuclear gene expression. Our results (presented above) suggested that there may be other positive and negative regulators in addition to ABI4 and GBFs. To identify such potential regulators, we surveyed a data set obtained by SuperSAGE for transcription factors that are significantly downregulated (less than 25% of wild-type level) in ppi2-1. We reasoned that such transcription factors might act as positive regulators of photosynthesis-related nuclear gene expression in response to plastid signals in the wild type. As shown in Table I , we identified 16 transcription factor genes that are suppressed in ppi2-1 (P , 0.05, Fisher's exact test). Intriguingly, AtGLK1, a transcriptional activator that interacts with GBF1 and GBF3 (Tamai et al., 2002) , was identified among these transcription factors. The GLK gene family is also known to affect chloroplast biogenesis (Fitter et al., 2002) . To examine whether the expression of AtGLK1 is associated with the down-regulation of nuclear gene expression in mutants defective in plastid protein import, we examined the expression level of AtGLK1 in various mutants by real-time PCR analysis (Fig. 7, A and B). The ppi2, attoc132 attoc120+/2, and attic20-I mutants all showed decreased AtGLK1 expression. Because Arabidopsis has a functionally redundant gene, AtGLK2 (Fitter et al., 2002) , we examined the expression of AtGLK2 in ppi2 and confirmed that the expression of AtGLK2 was also impaired (Fig. 7C) . In contrast, the expression of G-box-binding factors, such as GBF1 and HY5, was unaffected or up-regulated in the mutant (Fig. 7C) .
We next investigated the link between AtGLK1 and known plastid signaling pathways. A recent paper reported that GLK genes are responsive to norflurazon and lincomycin treatments (Waters et al., 2009 ). When wild-type plants were treated with norflurazon, AtGLK1 expression was significantly down-regulated (Fig. 7B ). In contrast, the level of AtGLK1 in the gun1-101 mutant treated with norflurazon was not decreased to the same level as in norflurazon-treated wild-type plants (Fig. 7D) . A similar result was obtained for the gun1-101 ppi2-2 double mutant. The gun1-101 ppi2-2 double mutant exhibited a much higher AtGLK1 expression level compared with the ppi2-2 single mutant (Fig. 5G) . Thus, GUN1 may act as a negative regulator of AtGLK1 expression when plastids are dysfunctional, leading to subsequent down-regulation of photosynthesis-related genes in the nucleus.
To further confirm that AtGLK1 is indeed a positive regulator in the plastid signaling pathway that coordinates plastid protein import and photosynthesisrelated nuclear gene expression, we generated transgenic plants overexpressing AtGLK1 in a ppi2-2 background. Interestingly, these plants had pale green cotyledons and mature leaves (Fig. 8A) , unlike the albino phenotype typical of ppi2 mutants. Likewise, the chlorophyll content was partially restored in these transgenic plants (Fig. 8B) . To compare the effects of AtGLK1 overexpression with those of the abi4 mutation (Fig. 6 , D and E), we isolated mRNA from 7-d-old seedlings of the overexpression lines. As expected, the level of AtGLK1 in these seedlings was more than 10-fold higher than in the wild type (Fig. 8C) . In addition, the expression of some photosynthesis-related genes in the AtGLK1 overexpression lines was partially restored from the ppi2-2 phenotype (Fig. 8C) . Notably, all of the LHCB genes examined were significantly upregulated in the overexpression line. Although the function of AtGLK1 is still subject to debate (Savitch Waters et al., 2009) , our data seem to support the proposal that AtGLK1 coordinates the expression of photosynthetic genes. In contrast to the gun1-101 ppi2-2 double mutant, the increased photosynthetic gene expression was correlated with the restoration of protein accumulation in the transgenic line (Fig. 8D) . The accumulation of translocon components (Toc and Tic proteins) was not affected, indicating that the recovery of photosynthesis-related proteins was not due to an unexpected up-regulation of protein import capacity.
Taken together, these data suggest that AtGLK1 may act as a positive regulator in a plastid-to-nucleus signaling pathway that coordinates plastid protein import and nuclear gene expression in response to the functional state of plastids. Furthermore, GUN1 down-regulates the expression of AtGLK1 when plastids are dysfunctional, leading to the suppression of nuclear-encoded photosynthesis-related genes.
DISCUSSION
Plastid protein import and the expression of nuclearencoded plastid proteins are both integral parts of plastid biogenesis. However, the mechanism by which these two processes are coordinated remains to be characterized. In this study, we examined the link between plastid protein import and nuclear gene expression. As summarized by the model in Figure   9 , we found two important links between the two processes. First, we provided empirical evidence that plastid dysfunction caused by defects in plastid protein import generates a plastid signal. Analysis of mutants lacking plastid protein import receptors revealed that inhibition of plastid protein import results in down-regulation of nuclear gene expression (Figs.  1 and 2) . We also observed up-regulation of atTIC110 expression in the ppi2-1 mutant (Fig. 1D) , and this may be an attempt by the plant to compensate for protein import defects. Second, we showed that the plastid signal generated by import defects acts through suppression of GLK1 expression but not activation of ABI4 (Fig. 9) . The abi4 ppi2 double mutant did not exhibit restoration of LHCB expression compared with the ppi2 single mutant. In contrast, the gun1 ppi2 mutant showed recovery of both AtGLK1 and LHCB expression. Thus, suppression of GLK1 expression is mediated by the activity of GUN1 (Fig. 9) . Overall, these data suggest that plastid dysfunction caused specifically by defects in plastid protein import may act as a signal to coordinate plastid protein import and the expression of nuclear-encoded photosynthetic proteins.
The protein import receptors of plastids are composed of two distinct families of GTP-binding proteins. The function of these proteins has been elucidated mostly by genetic studies, in which it has been assumed that the substrate proteins of each receptor are likely to be specifically decreased in Each bar is plotted on a log scale and represents the mean of at least three independent samples. Error bars represent 1 SD. Asterisks above the bars indicate significant differences (P , 0.05) between the wild type and the respective mutant, as determined by Student's t test.
mutants for that receptor. This is apparent in the case of the ppi2 mutants, which lack atToc159: atToc159 appears to be a receptor for photosynthesis-related proteins, and ppi2-1 fails to accumulate them (Bauer et al., 2000; Smith et al., 2004) . Likewise, proteome analysis of an attoc132 single mutant coincides well with the conclusion from biochemical studies that atToc132 is a receptor for nonphotosynthetic proteins (Ivanova et al., 2004; Kubis et al., 2004) . However, our results underscore the complexity of the regulation of plastid biogenesis by plastid protein import.
As shown in Figure 2C , significant reduction of atToc132/atToc120 receptor abundance in the attoc132 attoc120+/2 mutant results in an unexpected decrease in photosynthesis-related proteins, apparently due to repression of photosynthesis-related nuclear genes. Although the atToc132/atToc120 receptor preferentially binds nonphotosynthetic proteins, it also binds photosynthesis-related proteins, albeit more weakly (Ivanova et al., 2004) . Feedback regulation of photosynthesis-related nuclear genes in response to the lack of atToc132/atToc120 may reduce the competition of Figure 8 . Characterization of the ppi2-2 mutant overexpressing AtGLK1. A, Representative phenotype of the ppi2-2 mutant overexpressing a fulllength AtGLK1 cDNA (35S::AtGLK1). Left, Empty vector control; right, 35S::AtGLK1. Bars = 1 mm. B, Total chlorophyll content in 1-week-old seedlings. Error bars represent SD (n = 3). FW, Fresh weight. C, Expression profiles of genes encoding plastid proteins in the ppi2-2 mutant overexpressing AtGLK1. Transgenic plants were grown on plates containing hygromycin for 1 week. Transcript levels were analyzed by real-time PCR and normalized to the levels of ACTIN2. Each bar is plotted on a log scale and represents the mean of at least three independent samples. Error bars represent 1 SD. Asterisks above the bars indicate significant differences (P , 0.05) between ppi2-2 carrying empty vector (black bars) and ppi2-2 carrying 35S::AtGLK1 lines (dark and light gray bars), as determined by Student's t test. D, Accumulation of plastid proteins in the ppi2-2 mutant overexpressing AtGLK1 (1 week old). Total protein extracts were resolved by SDS-PAGE and probed with antisera against the proteins indicated to the left.
photosynthesis-related proteins for these binding sites, allowing plastids to preferentially incorporate essential nonphotosynthetic proteins. Thus, the regulation of nuclear gene expression based on the status of plastid protein import is likely to be a strategy for plastids to maintain essential functions under stress. Down-regulation of nuclear gene expression is caused by specific signals from plastids. However, the primary signaling molecules that are generated by protein import defects remain to be characterized. It has been proposed that the accumulation of MgProtoIX may act as a signaling molecule derived from plastids when plants are treated with norflurazon. However, we could not detect any accumulation of Mg-ProtoIX in the ppi2-2 mutant compared with the wild type (Fig. 4C) . Thus, it appears that a signaling molecule other than Mg-ProtoIX is involved in the coordination of plastid protein import and nuclear gene expression. It should be noted that recent papers showed, consistent with our results, that the level of Mg-ProtoIX was not correlated with the level of LHCB expression in norflurazon-treated plants (Mochizuki et al., 2008; Moulin et al., 2008) .
Because ppi2 exhibits severe defects in plastid biogenesis, signaling molecules generated as a result of plastid dysfunction might act as primary signals in the mutant. We also cannot exclude the possibility that protein import defects are communicated by other known plastid signals, such as redox signals (reactive oxygen species). A unique signal that may be specifically generated by protein import defects is the accumulation of precursor proteins in the cytosol. Although we have not measured the levels of unprocessed precursors in ppi2 and other mutants, others have observed the accumulation of such precursors in other protein import mutants, such as tic21 (Teng et al., 2006) . If unprocessed precursors act as a signals generated by protein import defects, we speculate that they may act through additional signaling pathways that do not rely on the functional state of plastids.
According to existing literature and our results here, plastid signaling pathways activated by redox, norflurazon, lincomycin, and defects in protein import converge at GUN1 in chloroplasts (Fig. 9) . Downstream of GUN1, however, the signaling pathway for protein import defects utilizes GLK1 but not ABI4 (Fig.  9) . It is not clear whether the redox, norflurazon, and lincomycin pathways are also mediated by GLK1. A recent paper reported that the expression of AtGLK genes is sensitive to norflurazon and lincomycin (Waters et al., 2009) . Consistent with this observation, we confirmed that the expression of AtGLK1 is repressed by norflurazon (Fig. 7B) . Thus, we favor the model that the norflurazon signaling pathway utilizes both ABI4 and GLK1. The next question is how GUN1 discriminates between different upstream plastid signals and is able to send the signal generated by defects in protein import specifically to the GLK1 pathway. We speculate that additional components act together with GUN1 to specify downstream pathways. For example, distinct factors may associate with GUN1 in response to different signals. It is also possible that GUN1 is modified differently depending on the type of signal, allowing GUN1 to associate with different downstream components.
Although AtGLK1 appears to be important for the induction of photosynthesis-related nuclear genes, the expression of those genes in ppi2-2 lines overexpressing AtGLK1 was not fully restored to the wild-type level (Fig. 8C ). This suggests that additional factors are involved in the plastid-to-nucleus signaling pathway. One possibility is that a negative regulator, like ABI4, which is more abundant in ppi2 (Fig. 6A) , keeps the genes partially repressed even in the presence of an excess of a positive factor (AtGLK1). Recently, HY5 has been identified as a negative regulator of photosynthesisrelated nuclear genes when plastid biogenesis is arrested by lincomycin treatment (Ruckle et al., 2007) . In this study, we observed a remarkable induction of HY5 in the ppi2-1 background (Fig. 7C) . It is notable that HY5 acts as a negative regulator in the plastid signaling pathway, whereas it functions as a positive regulator in photomorphogenetic pathways (Oyama et al., 1997) . Thus, it is not surprising if the induction of HY5 is associated with the decrease of photosynthesis-related nuclear gene expression in the ppi2 mutant. According to our SuperSAGE analysis, there are many other transcription factors up-or down-regulated in ppi2. The combinatorial interplay between these transcription factors may play critical roles in fine-tuning photosynthesis-related nuclear gene expression in response to the functional state of the plastids.
In summary, we demonstrated that plastid protein import and nuclear gene expression are tightly coordinated and that this coordination may be in part mediated by GUN1 and the transcription factor AtGLK. In contrast to other transcription factors that have been identified so far in retrograde signaling, AtGLK may act as a positive regulator of photosynthesisrelated nuclear gene expression. These results provide Figure 9 . Model for the regulation of LHCB expression by plastid signals. Multiple plastid signals, including that generated by defects in plastid protein import, converge at GUN1. Subsequently, the plastid signal generated by import defects acts through the suppression of GLK1 expression but not the activation of ABI4. Although plastid signals generated by norflurazon and lincomycin have been shown to act through the GUN1-ABI4 pathway, they may also act through the GUN1-GLK1 pathway.
evidence that plastid signaling pathways constitute a complex signaling network composed of positive and negative regulators. Further identification of signaling components should provide insight into the signaling network that coordinates nuclear and plastid functions.
MATERIALS AND METHODS
Plant Material and Growth Conditions
All experiments were performed on Arabidopsis (Arabidopsis thaliana) accessions Col-0 and Ws. The T-DNA insertion lines (Supplemental Table S3 ) were obtained from GABI-Kat (Rosso et al., 2003) , the collections of the Salk Institute Genome Analysis Laboratory , and the Syngenta Arabidopsis Insertion Library (Sessions et al., 2002 
RNA Isolation and Real-Time PCR Analysis
Total RNA was extracted from leaf tissues of wild-type and mutant plants using an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. Briefly, cDNA was synthesized using the PrimeScript reverse transcription (RT) reagent kit (TaKaRa) with random hexamer and oligo(dT) primers. Real-time PCR was performed on a Thermal Cycler Dice Real-Time System (TaKaRa) using SYBR Premix Ex Taq (TaKaRa) as described previously (Nakayama et al., 2007; Okawa et al., 2008) . Primers used for real-time PCR are listed in Supplemental Table S4 . The transcript level of each gene was normalized to that of 18S ribosomal RNA or ACTIN2. Negative controls for PCR were performed with the RNA templates prior to cDNA synthesis to check for genomic DNA contamination.
RT-PCR for ABI4
Homozygous abi4-1 and abi4-2 plants were identified by genomic PCR using specific primers (Supplemental Tables S3 and S5 ). Total RNA was extracted from 3-d-old seedlings of Col-0, abi4-1, and abi4-2. From 500 ng of RNA for each sample, single-stranded cDNA was synthesized using an oligo(dT) primer and PrimeScript reverse transcriptase (TaKaRa). RT-PCR analysis was performed with the same gene-specific primers for ABI4 and ACTIN2 that were used for real-time PCR (Supplemental Table S4 ).
Antibodies and Immunoblotting
Rabbit polyclonal antibody against GUN4 was produced using a NusA-GUN4 fusion protein as the antigen (Supplemental Fig. S6 ). Antibodies against atTic110 (Inaba et al., 2003 (Inaba et al., , 2005 , SSU (Inaba et al., 2005) , LHCP (Payan and Cline, 1991) , ACC-CTa (Kozaki et al., 2000) , and LSU, OE23, POR, E1a, Hsp93, and IEP37 were described elsewhere. Proteins were detected using chemiluminescence reagents with a luminoimage analyzer (AE-6972C; ATTO). For some experiments, the signal was quantified using image acquisition software (CS Analyzer; ATTO).
SuperSAGE Library Construction and Tag Sequencing
To obtain the SuperSAGE libraries, we followed the original SuperSAGE protocol described by Matsumura and colleagues (Matsumura et al., 2003; Terauchi et al., 2008) with some modification. Total RNA was isolated from the third to sixth leaves of Ws and the ppi2-1 mutant using RNAiso reagent (TaKaRa). Biotinylated cDNAs from each sample were bound to streptavidincoated magnetic beads and digested with NlaIII. The streptavidin-bound cDNA was washed and divided into two portions in separate tubes. Linkers containing a binding site for EcoP15I (a type III restriction enzyme) but different sites for PCR primers were ligated to the NlaIII cleavage site at the 5# ends of the bead-bound cDNA fragments in each pool. Both pools of cDNAs were digested with EcoP15I to release SuperSAGE tags from the beads, then the released tag pools were combined and linker-flanked ditags were formed by blunt-end ligation. Following amplification of the ditags by linker-specific PCR, the SuperSAGE library was directly sequenced with a large-scale pyrosequencing method (454 Life Sciences). The sequences of the linkers and PCR primers are listed in Supplemental Table S6 .
SuperSAGE Data Analysis and Tag-to-Gene Assignment
To identify the genes from which tags were obtained, each 26-bp tag was annotated against The Arabidopsis Information Resource 7 database using the BioEdit program (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The data used in this paper have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (http://www.ncbi. nlm.nih.gov/geo) with accession numbers GSM308557 and GSM308558.
Quantitation of Mg-ProtoIX
Mg-ProtoIX separation and quantitation were done as described previously (Strand et al., 2003) with slight modifications. Leaf material was homogenized in 0.67 mL of 0.1 M potassium phosphate buffer (pH 7.8) with a Bead Smash 12 (Wakenyaku) homogenizer and centrifuged at 10,000g for 3 min at 4°C. The residue was resuspended in 0.67 mL of acetone:0.1 M NH 4 OH (8:2, v/v) and then homogenized and centrifuged. The residue was resuspended again in methanol:0.1 M NH 4 OH (9:1, v/v), and the same procedures described above were repeated. The collected supernatants were mixed and centrifuged prior to HPLC analysis on a CapcelPak-C18 column (Shiseido). The extracts were eluted with a linear gradient of solvent A (30% [w/v] acetonitrile and 2.5 mM tetrabutyl ammonium phosphate, pH 7.0) to solvent B (90% [w/v] acetonitrile). Column eluent was monitored by fluorescence detection (420-nm excitation, 595-nm emission), and Mg-ProtoIX was identified and quantified using chemically synthesized standards (Frontier Scientific). Fifty microliters each of standard solutions of Mg-ProtoIX from 10 28 to 10 212 M were injected into the HPLC system; the 10 212 M solution was the limit for preparing the calibration line in the system used.
Embryo Rescue
For embryo-rescue experiments, immature ovules (containing late heart stage embryos) were excised from developing siliques and cultivated on a basal medium (13 Murashige and Skoog salts, 3% Glc, 0.55 mM myoinositol, 5 mM thiamine hydrochloride, and 0.8% agar) under continuous light as described (Baus et al., 1986) .
Microscopy
To observe embryo development, ovules were dissected from siliques of appropriate ages and cleared in chloral hydrate:water:glycerol (8:2:1) overnight. Differential interference contrast images were obtained using an Axio Imager A1 microscope (Zeiss).
Construction of Vector for OverExpression of AtGLK1 and Plant Transformation
A full-length cDNA of AtGLK1 was amplified by PCR using primers that specifically anneal with AtGLK1 (GLK1_F_SpeI, 5#-ACTAGTACAAGTGAA-GATTGATCGATG-3#; GLK1_R_NheI, 5#-GCTAGCGCCTACGGATCTTGTG-CGTTTCAG-3#) and subcloned into the SpeI and NheI sites of the binary vector pCAMBIA1303. The GLK1/pCAMBIA1303 plasmid was transformed into Agrobacterium tumefaciens (GV3101) by electroporation and was introduced into ppi2-2+/2 plants by the floral-dip protocol (Clough and Bent, 1998) .
Chlorophyll Extraction and Quantification
Seven-day-old seedlings (20-40 mg fresh weight) were ground in liquid nitrogen with a mortar and pestle. The resulting powder was suspended in 80% (v/v) acetone and centrifuged at 3,000 rpm at room temperature. Absorbance of the supernatants was measured at 646.6 and 663.6 nm, and total chlorophyll content was calculated using the following formula: mg total chlorophyll mL 21 = (17.76 3 A 646.6 ) + (7.34 3 A 663.6 ).
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers GSM308557 and GSM308558.
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